Microtubules in Cardiac Hypertrophy

A Mechanical Role in Decompensation?
Henk E.D.J. ter Keurs C ardiac function relies on the ability of the myocytes to develop force and shorten, as well as on the geometry of the heart, which translates shortening into stroke volume and force per cell into pressure in the lumen of the chambers. The requirements of circulation are met by adjustment of heart rate and power output by the myocytes. The heart adapts acutely to a hemodynamic load by increasing myocyte force output in response to stretch due to filling at elevated end-diastolic pressure. The acute response of the contractile system underlying Starling's law of the heart is followed more gradually, but still remarkably rapidly, 1 by growth of the myocytes. Whereas stretch causes longitudinal growth by apposition of sarcomeres in series, increased systolic stress generated by the myocytes induces growth of myofibrils with a larger cross-sectional area and, consequently, cells with a larger diameter are produced. The latter response provides a feedback mechanism that keeps systolic force of individual cross-bridges constant. Within limits, these responses allow stable adaptation of cardiac function to the hemodynamic requirements of the body. When the requirements of circulation are still not met, the syndrome of heart failure becomes manifest when short-term control systems have to be activated constantly to maintain pump function that equals (nearly) the circulatory demands. In the process of growth, cells express novel protein isoforms with a character that depends on a host of stimuli 2 so the myocyte phenotype alters substantially during development of hypertrophy and progression to heart failure. 3 The effect of growth on the function of myocyte organelles serving energy turnover, excitation-contraction coupling, and contraction has been studied extensively with an impressive arsenal of structural-functional and molecular-biological techniques. The effect of structures that mediate growth, such as the microtubular network that mediates transport of material needed for construction of new cell structures, on functioning of the myocardium has been studied, 4 although less extensively.
Dr. Cooper and colleagues have provided insights into the role of the microtubules in feline cardiac hypertrophy in recent years. 5 Their studies have led to the suggestion that the presence of the microtubular component of the cytoskeleton may increase the load on the cardiac myocyte 6 and therefore perpetuate the stimulus to hypertrophy and, ultimately, cardiac failure. These studies have stimulated considerable interest in the role(s) that the microtubular network may play. This issue has become controversial because not all studies that have investigated the role of the microtubules have come to the same conclusions. Several factors probably deserve more attention to resolve the debate regarding when the microtubular network is important and whether the effects of the microtubular network outweigh or approach those of changes in excitation-contraction coupling.
The study of Tagawa et al in this issue of Circulation Research 7 investigates contraction of myocytes taken from canine left ventricle (LV) with hypertrophy due to progressive experimental stenosis of the ascending aorta. Some dogs appeared able to generate an aortic gradient of 160 mm Hg after stepwise resistance increase of the aortic occluder over the course of 8 weeks, whereas others failed to do so. As Cooper's group had shown earlier, 8 it is possible to foresee which dogs will not be able to generate the gradient and which will. The dogs that failed to generate the large aortic gradient had a LV weight to body weight ratio that was 20% less compared with the dogs that succeeded, even at the start of the experimental protocol. These dogs were not only less capable of cardiac growth but were also handicapped at the outset of the study, because the stress required from their LV wall was higher than in the other group at the first moment the occluder was placed. Consistent with the inability for growth, additional hypertrophy of the LV of these dogs practically ceased after the fourth week, at an aortic gradient of 80 mm Hg, in contrast to the LV of the other dogs, which continued to grow. As a result, systolic stress development in the ventricular wall that failed to cope with the aortic stenosis was significantly higher compared with the LV that could cope with the increased systolic pressures. The hypertrophic response appeared to be complete within 2 weeks after each increase of the aortic stenosis. Myocytes, isolated either at 4 weeks or 1 week after the last hemodynamic evaluation at the end of the study, showed no increase in the density of the microtubular network nor in the density of the precursors of tubulin, as long as the dogs could cope with the aortic stenosis. This contrasted the findings in myocytes from the LV of animals that failed to do so in which total tubulin levels increased, particularly polymerized ␤-tubulin.
When stimulated, the failing cells shortened substantially slower (45%) and less frequently (40%) than control cells (in HEPES; [Ca 2ϩ ] o ϭ2.5 mmol/L at 37°C). In contrast, myocytes isolated from hearts that could cope with the hemodynamic challenge shortened slightly more often (Ϸ10%) and at a similar velocity as control cells. The difference between contraction of failing cells and control cells disappeared in 45 minutes after treatment with colchicine (1 mol/L). The study by Tagawa et al suggested that failure to cope with the aortic stenosis was accompanied by increased systolic stress development in the LV wall. At the cellular level, these features of failure were accompanied by changes in the cardiac myocyte, leading to an increased opposing force that impeded shortening of the cell below slack length. That the impediment was relieved by colchicine suggests that the polymerized microtubular network is responsible for the opposing force. Taken together, the data suggest that elevated wall stress is responsible for an increase in the density of the microtubular network, which reduces shortening of the isolated myocyte. Therefore, the authors have confirmed the results of previous studies performed in the cat. 
Myocyte Shortening and Viscoelastic Cytoskeletal Forces
Is the effect of the microtubuli sufficient to act like a substantial mechanical load itself and, if so, does that effect outweigh changes in excitation-contraction coupling? Previous work by Cooper's group has suggested that the increased internal load caused by the microtubular network is primarily viscous (almost 4-fold increase) rather than elastic (almost 2-fold increase). The conclusions were derived from ingenious studies of the viscoelastic properties of myocytes using magnetic beads adherent to the surface of the cells and magnetic twisting cytometry. 6 Nonetheless, these observations still require additional corroboration at the level of intact cardiac muscle to allow for extrapolations as to the function of the intact heart and predictions as to the contribution of the microtubuli to the development of decompensated hypertrophy or heart failure. The elasticity of normal myocytes has been shown to be generated predominantly by titin, the third filament of the sarcomere. 9 The force generated by myocytes on shortening is Ϸ350 g/m of sarcomere, shortening below slack length (1.86 m), or 100 g at the minimal length of sarcomere, occurring in intact cardiac cells. 10, 11 The resultant opposing force is significant compared with active force development by maximally activated cardiac muscle, which amounts to 1 mg per cell (for a cell diameter of 15 m, this is equivalent to a force per crosssectional area of cardiac muscle of Ϸ60 mN/mm 2 observed at a sarcomere length [SL] of 2.15 m).
12 It follows from the force-SL relationships at different levels of activation 13 that the effect of the microtubules on myocyte shortening in the study of Tagawa et al can, indeed, be explained by doubling the stiffness of the cellular elastic elements that oppose shortening (assuming that the level of myocyte activation is half maximal, as would be expected in HEPES-buffered saline at [Ca 2ϩ ] o ϭ2.5 mmol/L at 37°C). Microtubule-associated proteins (MAPs) may play a role in this increased stiffness because they have been implied both in the stabilization of the cardiac microtubular network 14 and in increased microtubular rigidity. 15 The mechanical consequences of these cytoskeletal alterations are of interest and predict changes in the passive and active stress-strain relationships of the myocardium that warrant additional studies with intact preparations. Increased cytoskeletal stiffness should cause a proportional increase of the parallel elastic force of myocytes. In addition, the intercept of the relationship between active force development and SL should shift to a higher SL, but the active force developed at the SL above slack length should be unaffected. The effect of the microtubular network will be partly masked in intact cardiac muscle by the presence of collagen in an extracellular matrix because the total opposing force generated by intracellular and extracellular structures together is four times higher than that of the intracellular structures alone. 16 Nevertheless, the effect of the microtubular network would be to reduce the degree of shortening of myocardial cells below slack length and, therefore, modify the contribution of ventricular suction to ventricular filling. These predictions can be tested in isolated muscle or by studying the diastolic and end-systolic pressure-volume relationships of the LV in dogs after a similar hemodynamic challenge. Walsh's group 17 has reported that tubulin protein density was not increased in guinea pigs with aortic banding, despite increased tubulin gene expression, especially (20-fold) when failure resulted from the aortic banding. This study did not investigate the polymerization status of tubulin, but one might expect a high-density microtubular network to exist in the animals with failure. The study of the pressure development in Langendorff hearts showed neither an effect of colchicine exposure on developed pressure nor on dP/dt max . However, whether the microtubular network had modified the passive properties of these hearts cannot be judged from the published data. One would not expect the Langendorff heart to contract below slack length; hence, opposing forces cannot be seen, but measurement of the end-diastolic pressure volume relationship (EDPVR) might reveal whether the compliance of the ventricle is colchicine-sensitive. If the EDPVR would be unchanged, one would surmise that the guinea pig is a poor builder of microtubular scaffolding.
Tagawa et al confirm previous studies that have revealed that the presence of polymerized microtubules has a substantial effect on shortening velocity of myocytes. This observation deserves additional evaluation at a higher level of integration of the myocardium. It is evident that sarcomere shortening velocity below slack length in the absence of an external load is limited by both the intrinsic properties of the cross-bridges and internal elastic load as well as viscous properties of the cell. 18 However, conclusions about these effects require knowledge of the level of activation of the cell that determines the number of activated cross-bridges supporting the viscoelastic load. We have studied sarcomere dynamics extensively in isolated cardiac trabeculae, and data from these studies allow some predictions regarding the effects of the microtubular network. Unloaded sarcomere shortening velocity in cardiac muscle composed of V 3 isoform of myosin would be Ϸ40 m/s at maximal activation at 37°C. 19 The velocity of sarcomere shortening in the heart in vivo is substantially lower 20 ; hence, the role of viscous forces opposing shortening is commensurably smaller. It follows from the force-velocity relationship of the cardiac sarcomere that a 4-fold increase of the viscosity of the "failing" myocytes compared with control cells (0.06 mN/mm 2 /m/s) 21 would reduce unloaded sarcomere shortening velocity to 
Hypertrophy, Heart Failure, and the Microtubular Network
In the normal heart with physiological loading, the microtubular network is sparse and its mechanical effect is negligible. However, under conditions in which a dense microtubular network is formed, it may have a sufficiently large mechanical effect on cardiac mechanics to be of importance to the development of heart failure. The state of the myocardium is clearly not singular but encompasses a spectrum of cellular phenotypes that fit scenarios ranging from an equilibrium between power output of the heart and circulatory requirements via enhanced growth because the latter two are out of balance to the extreme of failure. So, does one encounter cardiac myocytes in which the microtubules impede shortening during hypertrophy (as suggested in the earlier studies by Cooper's group; see also Reference 22) or in cardiac failure, as is defended in the article presented by Tagawa? It is generally accepted that the main role of the microtubular network is to act as a railway that allows for the transport of cargo particles between sites that synthesize proteins and lipid particles and target organelles in construction. 23, 24 The microtubules constitute a dynamic network in the cytoskeleton 25 that forms by polymerization and disassembles rapidly by depolymerization. This process allows for rapid modifications of the extent and shape of the microtubular network, even without changes of the pool of available tubulin in the cell. One would expect that the microtubular network would be expressed in increased amounts as long as the myocyte receives a stimulus to grow and would disappear when the stimulus disappears. 26 The detailed layout of this network would depend on the nature of the growth. Consequently, the network might differ between longitudinal growth of myocytes by apposition of sarcomeres and sarcoplasmic reticulum after volume loading of the heart compared with the increase of the myocyte cross-sectional area that is typical for pressure overload hypertrophy, such as in Tagawa's study. In this respect, it should be noted that the response of myocytes from pressure-overloaded versus volume-overloaded heart differs significantly. 27 It has been shown that the total level of tubulin increases during accelerated growth 10, 22 ; in addition, the presence of a dense microtubular network has been reported to be nonuniform (5% of the cells in a rat heart), with an increase of the fraction of cells with a dense microtubular network (to 35%) in hearts of animals with an acute hemodynamic load. 10 The results of Tagawa et al do not address the question whether the microtubular network exists as long as the driving stimulus for hypertrophy persists, but their data do not rule out that the microtubular network disassembles when the microtubuli have done their work serving the construction sites of cellular growth and systolic LV stress has normalized. Such dynamic behavior of the microtubules would predict that cells isolated shortly after increase of the aortic stenosis would show increased amounts of polymerized microtubules even in the hearts of the dogs that appear able to cope with the stenosis.
Although it may be reasonable to conjecture that the microtubular network is built up with intense growth, we know little about the kinetics of synthesis and breakdown of this network. Thus, the actual life cycle of dense microtubular network is not exactly known but is probably less than 1 week, as is shown by the response to an acute load to the ventricle. 4 Importantly, this period included the time needed for the trophic response to the stimulus. 4 Hence, it is possible that the presence of a dense microtubular network is a fleeting phenomenon captured in Cooper's studies, which manifests itself with intense growth (see also Reference 4) when the microtubules form such a dense scaffolding that they hinder cell shortening. When growth is less intense or is completed in experiments in which the stimulus to growth is more gradual (Houser's studies 30 ) the number of cells with increased microtubular density is lower 4 and mechanical effect of a less sparse microtubular network may not be perceptible. Houser's study is one of the few that reports such a negative finding. (Unfortunately, the literature usually fails to educate us exhaustively about negative findings!) Consequently, Houser emphasizes the role of modified excitation-contraction coupling in changes of myocardial function of hypertrophied heart. Rappaport's observation that the distribution of myocytes with a dense microtubular network is nonuniform 4 is of interest here: one might expect that with growth, Ϸ35% of the cells would have a dense microtubular network and would resist accelerated shortening; the remaining 65% should shorten more normally. Hence, the variance of the shortening distribution of myocytes randomly taken from dogs that could not cope with the hemodynamic stenosis in Tagawa's study should be larger than in the control dogs. The opposite seems to have been observed in the study of Tagawa et al.
Tagawa's study seeks to gain insight into the mechanisms underlying heart failure in humans. However, the animals in the group designated as "failures" show no signs of overt heart failure (eg, decreased cardiac output or increased arteriovenous O 2 differences). Previous work by the same group had shown that severe pressure overloading of the feline right ventricle induced similar changes in the myocytes from the affected ventricle and in the absence of overt heart failure as well. 28 Hence, although the data are convincing that the microtubular network is present as long as excessive stress development has not been corrected, it seems premature to conclude that the mechanical abnormalities encountered in the cells studied by Tagawa et al are typical of the myocardium in overt heart failure. It is possible that the increased internal load owing to changes of the viscoelastic properties of the myocytes is essential in the vicious cycle that leads to development of heart failure. This intriguing possibility requires the fulfillment of several important con-ditions. From the present data, it is not possible to conclude that these conditions are met. First, the microtubules should persist in cells of failing myocardium. Immunohistochemical studies of ␤-tubulin levels have shown a transient increase after aortic banding, returning to normal in 2 weeks. 4 Stabilization of polymerized microtubules has been shown to be related to the effect of MAP4, 14 but it is not clear from this study how long the microtubular network persists after its assembly. Lastly, an increased microtubular network is indeed found in human explanted heart in heart failure. However, this observation was made when there was extensive myofibrillar disarray 29 so the interpretation of this finding is ambiguous.
Publication of the article by Tagawa et al in this issue of Circulation Research should stimulate additional investigations into the kinetics of synthesis and breakdown of the microtubular network, as well as on the repercussion of the network for the mechanical properties of the myocyte and, more importantly, for the pump function of the intact heart.
